In comparison with bacteria and eukaryotes, the large and diverse group of microorganisms known as archaea possess a great diversity of cytoskeletal proteins, including members of the tubulin superfamily. Many species contain FtsZ, CetZ and even possible tubulins; however, some major taxonomic groups do not contain any member of the tubulin superfamily. Studies using the model archaeon, Halferax volcanii have recently been instrumental in defining the fundamental roles of FtsZ and CetZ in archaeal cell division and cell shape regulation. Structural studies of archaeal tubulin superfamily proteins provide a definitive contribution to the cytoskeletal field, showing which protein-types must have developed prior to the divergence of archaea and eukaryotes. Several regions of the globular core domain -
Archaea are a large and diverse group of microorganisms known for their remarkable metabolic diversity and capacity to thrive in harsh environments. They represent one of the three domains (or superkingdoms) of life, and have distinct relationships with eukaryotes and bacteria. They share a closer phylogenetic relationship to eukaryotes than bacteria, because the primary biosynthetic machineries needed in all cells-for DNA, RNA and protein synthesis-are relatively closely related in eukaryotes and archaea compared to the distantly related machineries found in bacteria. On the other hand, archaea and bacteria share a similar prokaryotic cellular organisation lacking the membrane-bound organelles and nucleus of the larger and more complex eukaryotic cells. Archaea also have unique and interesting characteristics, including alternative metabolic pathways, different membrane lipid and cell envelope structures, and archaea-specific families of cytoskeletal proteins. These organisms offer great potential to reveal new insights into the functions, evolution and diversity of cytoskeletal systems.
Whereas some proteins relating to basic cellular structure and function have been conserved in most prokaryotes since the early divergence of the archaeal and bacterial lineages (e.g. FtsZ), or in other cases acquired from one another later, recent studies have also identified archaeal homologs of proteins fundamental to eukaryotic cell structure and function. These include, among others, the primary filament-forming proteins of the cytoskeleton, actin (Chapter XX) and tubulin, and certain proteins of the Endosomal Sorting Complexes Required for Transport (ESCRT-III), which is a membrane remodelling system involved in cell division in Crenarchaeota (see Chapter YY). Some of these protein families must have developed prior to the divergence of archaea and eukaryotes, with some lineages of archaea retaining these where function has dictated.
Proteins from the tubulin superfamily share a common molecular fold related to GTP-binding. In all superfamily members, there are several regions within the globular core domain-the "signature" motifs-that combine in the 3D structure to form the GTP-binding site. These are the most conserved sequence elements and provide the primary basis for identification of new superfamily members through homology searches. Across diverse superfamily members characterized so far, these proteins also share a common mechanism of GTPdependent polymerization, in which GTP molecules are sandwiched between successive subunits that are arranged in a head-to-tail manner. However, some poorly characterised archaeal protein families described further below are unlikely to be capable of this mode of polymerisation, and retain only some of the signature motifs of the core domain. Depolymerisation is favoured upon hydrolysis to GDP, which can only occur through the contributions of both subunits that sandwich the nucleotide in the polymer. Regulated polymerisation and depolymerisation provide the basis for the assembly and movement of structural filaments that are the foundation of many cytoskeletal systems across the three domains of life.
The superfamily includes the numerous tubulin families that function to establish the microtubule-based cytoskeleton in eukaryotes, the FtsZs that provide the foundation for the bacterial, archaeal and some eukaryotic organelle division machineries, and several diverse relatives involved in microbial plasmid and viral segregation processes or with currently unknown functions.
Distribution, diversity and functions of the tubulin superfamily in archaea
Members of the tubulin superfamily are widespread in archaea. Fig. 1A shows a phylogenetic tree of the tubulin superfamily in the currently known major archaeal taxa, with representative groups of diverse FtsZ proteins (from bacteria and plants) and tubulins (eukaryotes) also included for comparison. A great diversity of archaeal homologs have now been identified. Despite this, archaeal tubulin superfamily proteins generally show a more limited species distribution amongst the sub-groups of Archaea, when compared to the near-ubiquity of FtsZ and tubulin within Bacteria and Eukaryota, respectively. Fig. 1B shows particular homologs of the named families that have been identified in the indicated archaeal taxa. Some archaea do not possess a clear tubulin superfamily homolog, including the major groupings of the Crenarchaeota, which use ESCRT-III (CdvB) based cell division machineries instead [27, 54] . Many other archaea encode multiple tubulin superfamily homologs. Several major taxa of archaea contain members of a third family of cellular tubulin-superfamily proteins, called CetZ, whose members are clearly distinguishable from FtsZ and tubulin, and they have so far been found to control archaeal cell shape. Some archaea also possess the highly divergent FtsZlike (FtsZL1) proteins, and other non-canonical members, of currently unknown function ( Fig. 1A , grey branches).
Archaeal FtsZ
FtsZ proteins are tubulin-superfamily proteins whose primary function is in forming the contractile ring for division of prokaryotic cells (bacterial and archaea), and organelles (specifically plastids, and mitochondria of some protists). They are the most wide-spread of the major groups of the tubulin superfamily, and generally show the greatest sequence similarity across diverse taxa ( Fig. 1A) . We refer to FtsZ-family proteins as those that sit within the branches indicated in Fig. 1A , for which there is evidence that they are involved in division, i.e. FtsZ (bacterial type, yellow), FtsZ1 (archaea, orange) or FtsZ2 (archaea, red).
Identification of FtsZ in archaea
The first tubulin superfamily proteins identified in archaea were from the FtsZ family. DNA hybridization approaches were used to clone ftsZ genes from two model species from the Halobacteria Class, Haloferax volcanii [64] and Halobacterium salinarum [34] . At the same time, isolation of GTP-binding proteins from cell lysates was used to identify an FtsZ from Pyrococcus woesei [9] , a hyperthermophilic archaeon from the Class Thermococci. Not long after these discoveries, the first complete archaeal genome sequence, of Methanocaldococcus jannaschii, revealed that there were two ftsZ genes present in this organism [11] , in contrast to most bacteria, which contain only one ftsZ. More recent genome se-quencing has confirmed that many archaea with FtsZ have two homologs from separate families called FtsZ1 and FtsZ2 [62] (Fig. 1A) . The original clones of ftsZ from H. volcanii [64] and P. woesei [9] were FtsZ1 family members, whereas the gene originally isolated from H. salinarum [34] happened to be this organism's FtsZ2 family member.
Some archaea have only one FtsZ family member ( Fig. 1A) , including species of the Euryarchaeota Classes Methanobacteria and Methanopyri, as well as recently described candidate phyla Lokiarchaeota [58], Hadesarchaea [8] , Thorarchaeota [57] , and certain groups of the Thaumarchaeota (Candidatus Caldiarchaeum and Nitrososphaera) [44, 68] . Furthermore, FtsZ has not been specifically identified in the Crenarchaeota, Bathyarchaeota (also known as the Miscellaneous Crenarchaeota Group (MCG) organisms [65] ), and the majority of sequenced species of Thaumarchaeota. Some of these species encode divergent relatives with unknown functions (discussed in Section 1.2.2). In these organisms, the ESCRT-III-based system, first characterized in Crenarchaeota [27, 55] is probably required for cell division [40, 48] .
Biochemical activities of archaeal FtsZ
In the original study of H. volcanii FtsZ1, a recombinant tagged version of the protein was overproduced in E. coli and purified [64] . GTPase activity of this protein was demonstrated in buffers containing at least 2 M KCl (3M KCl showed greater activity). The GTPase specific activity was dependent on FtsZ1 concentration (>200 g/mL), suggesting that self-association (polymerisation) is required for GTPase activity, as seen with bacterial FtsZ and eukaryotic tubulin.
Work with Haloarcula japonica FtsZ1 revealed that polymerization in a sedimentation assay was dependent on GTP and at least 2.25 M KCl [47] . In both studies, it was found that NaCl could not substitute for KCl. Potassium is the predominant intracellular cation utilized at high concentration by haloarchaea for survival in hypersaline environments, so haloarchaeal proteins are well adapted to these conditions [51] . Potassium is also specifically required for efficient GTPase activity of other bacterial and archaeal FtsZ proteins, although generally at much lower concentrations in non-halophiles [35, 37] . FtsZ homologs from thermophilic archaea have also been characterized.
After the original identification of P. woesei FtsZ1, in which GTP binding was demonstrated [9] , the M. jannaschii FtsZ1 protein became a focus for biochemical characterization after its crystal structure was solved [28] . This allowed some of the first high-resolution biochemical analysis of FtsZ proteins generally [29, 30, 17, 5, 21] , outlined in part 2 of this chapter. Other thermophilic archaeal FtsZ proteins have also been investigated. One study isolated the ftsZ1 gene from the moderate thermophile Thermoplasma acidophilum [66] . Remarkably, expression of this gene in E. coli resulted in strong inhibition of cell division, which was attributed to interaction of the T. acidophilum FtsZ with the native FtsZ in E. coli and/or interference with its function. Another FtsZ-related protein was isolated from the hyperthermophile Thermococcus kodakaraensis [39] , however, this protein is now recognised as a CetZ-family protein (Section 1.3).
The role of archaeal FtsZ in cell division
The first cytological evidence to suggest that archaeal FtsZ functions in cell division utilized immunofluoresence microscopy with H. volcanii. FtsZ1 was seen to localize at the mid-cell region, appearing as a ring around the middle of the cell that corresponded with mid-cell constrictions in cells that appeared to be dividing [64] . Similar results were obtained with the closely related Haloferax mediterranei, where it was also seen that constricted FtsZ1-rings were associated with cells of a variety of different shapes, including rods and the irregular plate-shaped cells that are common in these pleomorphic haloarchaea [49] . Recently, H. volcanii FtsZ1 tagged with GFP was observed in live cells [18] , and the localization pattern was consistent with the earlier immunofluorescence results. FtsZ1-GFP was produced at a low level from a regulated gene promoter in a wild-type genetic background, which resulted in cells of normal size, indicating minimal disturbance to the normal cell division process by the presence of FtsZ1-GFP. Interestingly, almost all cells in a growing culture were found to have a mid-cell ring, indicating that this structure is maintained throughout the cell cycle. As most cells in these cultures do not contain noticeable division constrictions, FtsZ ring assembly occurs well in advance of constriction, similar to bacteria [60].
The fluorescence microscopy approaches revealed obvious similarities between the basic subcellular localization behaviour of archaeal and bacterial FtsZ, strongly implicating FtsZ in archaeal cell division. However, the original study of FtsZ in H. salinarum found that supplementary expression of ftsZ2 did not greatly affect cell division, since cell size was similar to the wild-type [34] . In contrast, overexpression of ftsZ in E. coli causes division defects that affect cell size [16] . The H. salinarum cells instead appeared pleomorphic, quite similar to the wild-type strains of some other haloarchaea, whereas wild-type H. salinarum is typically rod-shaped in laboratory culture. The basis for this morphological effect is yet to be determined, however, haloarchaeal cell shapes are generally sensitive to experimental conditions and it is possible that FtsZ overexpression does not have an inhibitory effect on division in all species, as it does in E. coli.
Direct evidence for the importance of FtsZ in archaeal cell division came only recently [18] . Expression of a point mutant of H. volcanii ftsZ1 (D250A), which targets the GTPase activation region (T7 loop) essential for the normal polymerization-depolymerisation cycle in tubulin superfamily proteins [53,56], caused the hallmark cell division defect, in which cells cease division but continue to grow, resulting in the generation of extremely large cells (e.g. Fig. 2B ). Thus, a functional GTPase activation domain in FtsZ1 is essential for normal cell division.
The genetic amenability of haloarchaea, particularly H. volcanii [2] , and the availability of functional fluorescent fusion proteins [18, 52] combined with their relatively large, flattened cell morphologies, show that these organisms are excellent models for understanding archaeal cell division, morphology, and cell biology generally [18] . Future studies with this system are anticipated to provide significant insights into functional diversity of cell division and structure, providing a much needed contrast with the well-studied bacterial systems. This is ex-pected to highlight the most fundamental features critical to both systems, and reveal a very different FtsZ-based system for prokaryotic cell division.
Archaeal tubulin and FtsZ-like homologs
As may be seen in Fig. 1A , archaea house a variety of deeply-branching tubulin superfamily members, many of which are not classifiable into the FtsZ, tubulin or CetZ families, and their functions are essentially unknown. Many of these proteins have only recently been identified owing to the recent vast increase in genome sequence availability, brought about by major advances in high-throughput environmental DNA sequencing.
The FtsZ-like group 1 homologs (FtsZL1)
Members of the unusual FtsZ-like group 1 (FtsZL1) were identified in certain bacteria and archaea on the basis of homology to the GTP-binding core (N-terminal) domain, which includes the signature motifs of the tubulin superfamily [33] . There are only a small number of known FtsZL1 sequences in archaea, although they may be found in diverse species including the Methanomicrobia, Halobacteria and Thermococci Classes. These proteins form a phylogenetic subgroup distinct from the related bacterial FtsZL1 proteins, suggesting that recent horizontal transfer between domains is an unlikely mechanism to explain their patchy distribution.
Interestingly, a transposon-interrupted FtsZL1 gene was identified in Sulfolobus solfataricus (SSO1376), representing the first tubulin-superfamily relative found in the Crenarchaeota [33] . Another FtsZL1 member (undisrupted) in the Crenarchaeote Acidilobus saccharovorans was recently sequenced (Uniprot D9PZB8). Both Crenarchaeote FtsZL1 proteins have unusually-long homologous N-terminal extensions to the core GTP-binding domain, suggesting that these have a particular (unknown) function in Crenarchaeota FtsZL1.
The domain arrangement of FtsZL1 proteins more generally is highly unusual amongst the tubulin superfamily, as the central GTPase activation region and C-terminal domain, normally involved in polymerization ( Fig. 4) , are replaced with a much larger and unrelated domain of unknown structure and function.
Thus, the capacity of these proteins for polymerization and GTP hydrolysis is currently unknown. A noticeable conservation of the FtsZL1 genomic neighbourhood across diverse species led to the hypothesis that these proteins are involved in membrane remodelling processes in conjunction with the products of the linked genes [33].
Thaumarchaeota tubulin-superfamily members and other deeply-branching archaeal homologs
The Thaumarchaeota show quite a complex distribution of tubulin-superfamily proteins, with specific homologs of FtsZ and tubulin seen in some species, and another family called "Thaumarchaeota FtsZ" [67] present in most of the major taxa of the Thaumarchaeota (Fig. 1 ). Despite the name currently used for this family, the Thaumarchaeota-FtsZ proteins are distinct from the major FtsZ, CetZ and tubulin branches, and they are at least as far removed from the FtsZ family as another small group of proteins from the Korarchaeota (Fig. 1A ). In addition to these, Korarchaeota possess specific FtsZ family sequences (but not ESCRT-III), suggesting that Korarchaeota division is based on FtsZ, and that the other deeplybranching homologs in these organisms may have other non-cell-division roles.
We would suggest that newly identified tubulin-superfamily groups, such as Thaumarchaeota-FtsZ, be renamed where appropriate once a prototypical member has a clear biological role determined, so that the term "FtsZ" is limited to proteins that primarily function in division.
The Thaumarchaeota-FtsZ group shows significant sequence divergence in the GTP-binding T4-loop, with a consensus of AGKAG in this region instead of the superfamily consensus GGGTG. Most Thaumarchaeota-FtsZ proteins also appear to completely lack the catalytic residues of the T7 loop required for GTP hy-drolysis. Thus, the normal mode of polymerization and depolymerisation is very unlikely to occur in these proteins. Consistent with this, the Thaumarchaeota-FtsZ protein in Nitrosopumilus maritimus does not appear to be involved in cell division, as it was localized diffusely in these cells, whereas the CdvB (ESCRT-III) homolog was located at mid-cell (division) sites [48] . Furthermore, an N. maritimus FtsZ-GFP fusion showed diffuse localization when expressed in yeast, whereas CdvB-GFP formed obvious filaments [40] . Interestingly, when the unusual T4 loop sequence of N. maritimus FtsZ was replaced by the E. coli FtsZ T4 loop, this resulted in localization as foci and short filaments in yeast, much like the localization pattern of the E. coli FtsZ (GTPase-deficient mutant) in this system [40] . The substituted N. maritimus FtsZ might therefore have gained nucleotide binding but not hydrolysis capacity, promoting polymerization and assembly into localized structures. The wild-type Thaumarchaeota-FtsZ proteins therefore might not bind/hydrolyse GTP or polymerise, so they remain one of the more mysterious groups in the tubulin superfamily.
Another group of tubulin-superfamily proteins in Thaumarchaeota, called artubulin, was identified in the genomes of two members of the genus Nitrosoarchaeum, in the order Nitrosopumiales ( Fig. 1B) [67] . Thaumarchaeota-FtsZ genes are also present in these organisms. The artubulins form a sister group to the eukaryotic tubulin family ( Fig. 1A) , raising questions surrounding the origin of this family within the eukaryotic lineage. The artubulin genes are located adjacent to a component of the ESCRT-III machinery, hinting at a possible role of artubulin in ESCRT-III mediated division in these organisms [67] . Future functional studies of artubulins may provide insights into the early evolutionary events that led to the expansion of tubulin-superfamily roles in the Eukaryota/Archaea lineage.
There are a number of other tubulin-superfamily proteins in archaea that are currently uncharacterized (grey branches, Fig. 1A ). These could be expected to have specialized roles, and of particular note are the numerous highly-divergent tubulin-superfamily members present in Haloquadratum walsbyi [10, 12] . This organism forms remarkably thin, square cell shapes that are maintained in this shape during cell division [63, 59] . The shapes would appear to provide a substantial se-lective advantage in their hypersaline lake environments [12] . One might predict that the divergent tubulin-superfamily proteins form cytoskeletal structures required for generating and maintaining the square shapes, while the FtsZ and CetZ proteins that also exist in this organism may have roles in cell division and morphological changes, respectively. The future study of the cytoskeletal systems of this and related organisms is a fascinating prospect.
The Euryarchaeota CetZ family of proteins
The CetZ family were first recognised as a phylogenetically distinct group, originally called FtsZ paralog 3 (FtsZ3), after the cloning and sequencing of an ftsZ homolog from Thermococcus kodakaraensis [39] , a hyperthermophilic species of the Class Thermococci. The purified protein showed GTPase activity and polymerisation that increased continuously with temperature, up to 90°C, which is near the growth optimum of this organism. The protein sequence showed high similarity to one of three homologs in the available genome sequence of Pyrococcus horikoshii (Class Thermococci) [22] , and was only distantly related to the two other homologs, FtsZ1 and FtsZ2. Other members of the CetZ family were then noticed in the genomes of Pyrococcus abyssi [15] and Archaeoglobus fulgidus (Class Archaeoglobi) [23], raising the possibility that the multiple conserved paralogs in these archaea could have differing cytoskeletal roles [20] . A thorough survey of tubulin-superfamily sequences [62] further identified two cetZ genes in the genome of Halobacterium NRC-1 (Class Halobacteria) [41] . It was also observed that the Thermococci CetZ (FtsZ3) proteins branch from near the base of the group [62] . The large quantity of sequence data now available has shown that CetZ proteins are present in many other diverse archaea from the phylum Euryarchaeota, including the Class Methanomicrobia [18] . CetZ proteins form a distinct branch (family) within the tubulin-superfamily (Fig. 1A) .
The first in vivo functional study of members of the CetZ family found that they control cell morphology in H. volcanii [18] . The family was named cell-structure-related Euryarchaeota tubulin/FtsZ homologs (CetZ) to reflect the noncell-division role seen for H. volcanii CetZ1. cetZ genes are especially abundant in genomes of Halobacteria (e.g. six paralogs in H. volcanii), although the number of paralogs varies amongst related species. Some of the Haloarchaeal CetZ proteins cluster phylogenetically into several distinct orthologous groups, suggesting that proteins in each group may have a common function in these species (Fig. 1A) .
The most conserved of these is the CetZ1 group, which was present in all species of Halobacteria analysed [18] , and members typically shared ~80% sequence identity in this Class. CetZ2 orthologues were identified in many of these. The H.
volcanii CetZ3-6 proteins were located in weakly-clustered groups and might be expected to have more specific or redundant roles in this species. Generally, the Methanomicrobia and Halobacteria Classes processed multiple CetZ homologs, whereas the Archaeoglobi and Thermococci carry one CetZ each. CetZ has so far only been identified in species that also contain FtsZ (Fig. 1B) .
The function of CetZ proteins was studied in the model organism H. volcanii [18] . This species is described as pleomorphic [38] , displaying a variety of cell sizes and shapes in complex growth medium (e.g. Hv-YPC [1] ). However, as in many haloarchaea, the cells remain uniformly thin (~0.4 µm) during growth and division, growing either two-dimensionally (the plate morphotype) or onedimensionally (the rod morphotype). H. volcanii cells lye on their flat, larger surfaces when placed on a gel-pad, and they can be grown for many generations on a Hv-Cab gel-pad; the relatively large, flat cells are well-suited for visualization by fluorescence microscopy (e.g. by using GFP or mCherry) and other approaches including 3D-SIM and electron cryotomography [18] . Time-lapse imaging of live cells showed that they can transition between the two basic modes of cell growth, and some cells appear to actively narrow during the plate-to-rod transition [18] .
The CetZ1 protein was found to be essential for the development of the rod morphotype, which was needed for efficient swimming motility [18] .
When H. volcanii is in steady-state growth (mid-log growth for >10 generations) in a defined medium, "Hv-Cab" (i.e. Hv-Ca [1] with additional traceelements [18] ), it grows consistently as the plate morphotype [18] . However, moderate overexpression of CetZ1, via the use of the finely-regulated tnaA gene promoter [3, 25] , caused many of the cells to adopt an obvious rod morphology. Interestingly, overexpression of the CetZ1.E218A mutant (to prevent GTPase activity and filament depolymerisation) caused the cells to adopt a very blocky, jagged morphology instead (a similar phenotype was seen with CetZ2.E212A [18] ). This appears to be caused by hyperstable filaments of CetZ1.E218A, since a GFP fusion protein to this mutant localized very stably to the cell envelope at the stalklike projections and inward puckers seen in these cells. In contrast, CetZ1-GFP showed very dynamic/patchy or diffuse localization in the log-phase plate cells.
During rod development, however, CetZ1-GFP sometimes appeared as faint, dynamic filaments aligning with the direction of rod cell development, suggesting that such cytoskeletal structures are specifically related to rod development. It was concluded that CetZ1 forms a key part of an archaeal cytoskeletal system involved in regulation of cell morphology, and represents a prototypical member of this family of cytoskeletal proteins.
The great amenability of H. volcanii to genetic manipulation [2] , combined with its ease of growth, controllable cellular differentiation processes, and excellent properties for many live-cell microscopy approaches [18] show that it is an excellent model for further studies into the archaeal cytoskeleton and cell biology.
Structures of tubulin superfamily proteins from archaea
In this section, we describe the original role structural studies of archaeal tubulinsuperfamily proteins have played in helping identify and characterize cytoskeletal proteins in archaea and other organisms, and we describe the known archaeal protein structures and aspects of the structure-function relationship that have been obtained from these studies. Finally, we compare structures of the recently-described CetZ family to the other major groups of the tubulin superfamily.
Archaeal proteins can provide technical advantages in structural studies, such as high thermostability, which in many cases have enabled new insights and clues into the structure and function of less amenable homologs in the intensively studied eukaryotic and bacterial species. An archaeal FtsZ featured prominently amongst the first high-resolution structural studies of the tubulin superfamily [28] .
In this section, we will describe the general features of the protein structures that have been obtained from studies of archaeal tubulin superfamily proteins, and compare them with other members of the superfamily. Atomic-resolution structures that are currently available for archaeal tubulin superfamily proteins are listed in Table 1 . 
FtsZ structures
In 1998, an FtsZ protein from the archaeon Methanocaldococcus jannaschii became the first member of the tubulin superfamily to have its structure solved at high resolution by X-ray crystallography [28] . When compared to the electron crystallographic structure of polymerized tubulin reported in the same issue of Na-ture [43] , debate as to the homology between FtsZ and tubulin ended-their structural folds were remarkably similar [42] . Thus, structural comparisons of these proteins from highly diverse organisms highlighted the usefulness of protein 3D structure in verifying weak homology identified through alignment of a limited number of sequences. Additional structures of the M. jannaschii FtsZ1 protein, including different crystal forms and ligand-bound states have helped provide further insights into protofilament formation and structural variability that underpin the basic functions of these proteins [29, 30, 45, 46] .
The original structure of M. jannaschii FtsZ1 bound to GDP showed that it is a globular protein (39 kDa) containing two closely associated but independently-folded domains [28, 45] , essentially the same as tubulin [43] . These proteins form a distinct superfamily of GTPases [42] , which nevertheless retain some structural similarities to the Rossmann-fold di-nucleotide binding proteins and small GTPases of the Ras superfamily [28] . This similarity is seen in the Nterminal GTP-binding domain, which contains most of the secondary structural elements that establish the nucleotide-binding site (shown in green; Fig. 3 ). However, within this domain the tubulin superfamily is distinguished by the presence of four highly conserved loops (T1, T2, T3 and T4, on the upper surface as depicted in Fig. 3 ) that primarily engage the phosphates of the nucleotide, whist allowing another FtsZ subunit to bind to this surface in a "head-to-tail" orientation (i.e. via the lower surface of the additional subunit), sandwiching the GTP molecule [45] .
Thus, both subunits supply residues required for GTP hydrolysis, explaining why GTP hydrolysis is polymerization-dependent [37] .
The C-terminal domain (shown in purple; Fig. 3 ) is separated from the Nterminal GTP-binding domain by an important central region, consisting of the long H7 helix (yellow; Fig 2) followed by the T7/H8 region. Although not usually considered a distinct domain, this region nonetheless has the specific function of delivering key acidic residues to the GTP-binding region of the adjacent subunit, and instigates a nucleophilic attack at the gamma-phosphate of GTP, resulting in hydrolysis to GDP. The GTPase activation function of the H7/T7/H8 region has the important role of promoting filament disassembly and turnover [42] .
Hydrolysis and filament disassembly are very important processes in the spatial regulation and cytomotive activity of cytoskeletal structures [32] . the T1-T4 loops). This creates strain within the subunit and moderate conformational shifts that destabilize the longitudinal interaction between subunits [4] . It therefore appears that the flexible glycine-rich T1-T4 loops, which include the tubulin superfamily "signature" sequence (T4), sense the number of phosphates of the nucleotide and transduce this information to the whole molecule in order to promote disassembly. It remains to be determined whether this mechanism occurs in the same manner in FtsZ filaments, but the strong conservation of these loops would suggest it is very likely.
The presence and structure of the C-terminal domain (shown in purple; jannaschii FtsZ1 dimers that sandwich GTP in the expected manner [45] showed that the C-terminal domain provides the majority of the contact surface area between subunits (Fig. 4C) . This is also observed in the other families (Fig. 4) . The C-terminal domain can also mediate lateral association of protofilaments [4, 18, 36] , fulfilling another essential characteristic of the superfamily-the ability to form bundles, sheets and tubes that build the cytoskeleton in its myriad of forms across the domains of life. One of the C-terminal domain's main purposes therefore appears to be to mediate self-association.
In addition to the two main domains of the globular fold of FtsZ, these proteins frequently have N-and C-terminal extensions that have specific func-tions, generally in mediating interactions with other molecules. They protrude from the "front and "rear" surfaces of the molecule, respectively (as shown in Figs. 2 and 3) , and are thus located on the two exposed surfaces of protofilament sheets. These regions are rarely fully resolved in crystal structures owing to their flexibility and lack of secondary structure in isolation. M. jannaschii FtsZ1 showed an N-terminal extension (which is generally absent in the tubulin or CetZ families) that has limited secondary structure apart from one helix at the very Nterminus [28] . The function of this helix and remaining N-terminal extension is still unknown. The C-terminal extension in M. jannaschii FtsZ1 is a β-hairpin, comprising strands S11 and S12, beyond which the protein is typically extended without significant structural elements, and differs from the primarily helical Cterminal extensions seen in tubulin and CetZ proteins (discussed below). The length of the C-terminal extension is highly variable amongst different species and in bacteria this is thought to play an important role as a flexible spacer [14, 19] , while the more sequence-conserved few residues immediately preceding the Cterminus bind other molecules with important roles in cell division [13] . In archaea, molecules that interact with FtsZ are unknown, however the conservation of the C-terminal few residues amongst other archaea would suggest that these residues have a common function in archaea too.
CetZ structures
Three crystal structures of CetZ family proteins recently solved [18] show some interesting similarities and differences to the FtsZ and tubulin family proteins that may eventually help to reconcile structure-function relationships in the superfamily.
H. volcanii CetZ1
The structure of CetZ1 from H. volcanii represents the prototypical CetZ, having been the first structure solved, and to date it is the only CetZ protein to which a definitive function in the regulation of cellular morphology has been ascribed [18] .
The structure revealed CetZ1 in a monomeric state, with a GDP molecule that had co-purified retained in the active site. CetZ exhibits the two principle domains present in other tubulin superfamily proteins, however several notable modifications to the typical structural features are apparent. CetZ1, and indeed most CetZs, lack a N-terminal extension to the core GTP-binding domain. By comparison, an N-terminal extension is generally present in FtsZ, but absent in tubulins. Within the GTP-binding domain, helix H6 is substantially shorter than usual, leaving only a single helical turn to form this section of the subunit-subunit interface (Fig. 4A ).
Helix H9, on the other hand, is considerably extended, increasing the size and prominence of the C-terminal domain. Furthermore, the nearby M-loop, which links S7 and H9 (Fig. 3A) , is unresolved in the crystal structure but is unusually long in CetZ proteins compared to FtsZ and tubulins. The M-loop mediates lateral association of tubulin protofilaments within microtubules [4, 42, 43] , but is of unknown function in CetZ proteins. Finally, the C-terminal extension of CetZ1 is a long helix (H11), which aligns with the expected axis of polymerisation of protofilaments. These three regions of notable difference (i.e. H6, H9 and H11) compared to FtsZ and tubulin are also the only regions showing notable variations in structure that were observed between H. volcanii CetZ1 and CetZ2.
H. volcanii CetZ2
CetZ2 was crystallized and its structure solved bound to GTPγS [18] , which resulted in the generation of a lattice incorporating crystallographic protofilaments.
The subunit structure of H. volcanii CetZ2 is remarkably similar to CetZ1; the Cα r.m.s.d between the two structures is only 0.85 Å, as might be expected given their relatively high sequence similarity (51% identical). CetZ2 protofilaments in the crystal lattice had a repeat unit of 43.2 Å, very similar to tubulin (41.8 Å), and even closer to FtsZ and TubZ proteins (43.5 Å). Furthermore, the subunit-subunit interface formed within CetZ2 protofilaments is very similar to that conserved within the tubulin and FtsZ groups, although it differs more from that in the TubZ proteins, which are tilted differently across the active site. This directly affects the conformation of protofilaments, and CetZ2 recapitulated the straight protofilaments typically seen in crystal structures of FtsZ and tubulin protofilaments. This contrasts some of the known bacterial TubZ protofilaments, which show twisted, helical arrangements [6] . The presence and degree of helical structure directly affects the higher-order filament or sheet/tube-like structures that are critical to the function of these proteins, and it will be informative to see the conformation of further CetZ filaments, ideally with methods that have minimal influence on the subtle quaternary arrangements important to tubulin superfamily proteins. 
Methanosaeta thermophila CetZ
The structure of a divergent CetZ homolog, which branches from near the root of the tubulin superfamily phylogenetic tree ( Fig. 1) , was also determined [18] . thermophila CetZ and a slight shortening of helix H9, the latter being more like the H9 of other tubulin superfamily proteins. Although there are many small surface differences between the proteins from the two organisms, the deviation between surface loops is extremely low, supporting the conclusion that the proteins should be grouped cleanly into the single (CetZ) family. Since these proteins branch from near the base of the superfamily tree, it will be useful to determine the function of M. thermophila CetZ, or similar "non-canonical" CetZ proteins, to determine whether these proteins have functions in cell shape regulation like the H. volcanii CetZ1 and CetZ2 proteins [18] or as yet unknown functions.
Structural comparisons of CetZs with other tubulin superfamily proteins
As noted above, the archaeal FtsZ and CetZ families exhibit many features in common with eukaryotic tubulins as well as bacterial FtsZ and TubZ proteins.
Here, we will compare structures of CetZ proteins to those of the FtsZ protofilament structure from Staphylococcus aureus [61] (PDB code 4DXD), the taxol/Zinc-stabilised sheets of Bos taurus tubulin protofilaments [31] (PDB code 1JFF), and Bacillus thuringiensis [6] and Pseudomonas aeruginosa bacteriophage ΦKZ [7] TubZ protofilament structures (PDB codes 2XKB and 3ZBQ respectively) as prototypes.
Comparison of CetZ and FtsZ
The CetZ protein structures show several notable structural features specifically in common with FtsZ. In particular, the conformation of the key γ-phosphate contact loop T3 and proximal regions (S3, H3) in both H. volcanii CetZ1 and CetZ2 is almost identical to that in the majority of FtsZ structures resolved (Cα r.m.s.d 1.1 Å FtsZ against CetZ1). The conformation of loop T5 is also strongly conserved between these two groups, although it typically exhibits lower overall deviation in many cases, and the numerous surface loops of the CetZ proteins are closer in conformation to those in FtsZ than tubulins. The overall backbone difference between CetZs and FtsZs (overall Cα r.m.s.d 2.9 Å for FtsZ and CetZ1) is also significantly lower than that observed on comparison with tubulins (overall Cα r.m.s.d 3.6 Å for α-tubulin and CetZ1). However, as we note below, a series of conserved catalytic residues shared between the tubulins and CetZ proteins provide a counterargument to this narrative.
Comparison of CetZ and tubulin
The tubulins are the most well understood proteins in the superfamily.
They build the microtubule network present in all known eukaryotes, which is a major component of the cytoskeleton. Microtubules control cellular organisation and have well-known role in providing the spindle for chromosome segregation.
The polymerising unit for tubulin includes two different monomers, α-and βtubulin, which are pre-assembled around a molecule of GTP which is bound essentially irreversibly within a catalytically inactive subunit-subunit interface. In addition to the canonical N-terminal GTP-binding and C-terminal domain structure, tubulins incorporate a distinct C-terminal extension comprising a helical hairpin (H11 and H12) that provides the binding platform for processive motor proteins, and several notable surface loops (H1-S2, H2-S3, M-and N-loops) that form the lateral interactions which stabilise the contacts between the thirteen protofilaments incorporated into each cylindrical microtubule [31] .
In the CetZ proteins, the active site shows great similarity to that found in α-tubulin. Guanine base recognition is achieved through an asparagine residue protruding from H7 in all three CetZ structures, a similar situation to that in tubulins and bacterial TubZ proteins (described below), whereas the equivalent residue is an aspartate in the FtsZs. Furthermore, the essential catalytic carboxylate within T7/H8, which activates water for γ-phosphate hydrolysis, is also provided by a glutamate residue in CetZ and tubulin, but is an aspartate in FtsZ. All three CetZ structures share a glutamine residue at the apex of loop T1 which forms an important protofilament contact with loop T7 in tubulin protofilaments, but which is absent in the known FtsZ structures and replaced in many TubZs. Finally, several regions of the CetZs form loops extending from the core fold, the location of which are identical to those responsible for lateral interactions between tubulin protofilaments (S7-H9 in CetZ2, and H1-S2 in M. thermophila CetZ). However, the loop structures are not homologous between CetZs and tubulins, suggesting that they may differ substantially in function.
Comparison of CetZ and TubZ
The TubZ group of proteins represent some of the most diverse members of the established tubulin superfamily, and they cannot clearly be classified into their own distinct subgroup. Two functional sub-classes exist, one responsible for partitioning plasmids and prophages within species of Gram-positive Bacilli, and the other associated with bacteriophage of the genus Pseudomonas and closely-related bacteria [24, 26] . TubZ proteins typically have a long α-helical C-terminal extension that makes extensive contacts with the adjacent subunit and is also believed to be responsible for the recruitment of cognate binding partners. They also show a reduction in helix H6, particularly in the bacteriophage-borne members of the family associated with the application of a tilt across the subunit-subunit interface, and in the relative rotation of the GTPase and C-terminal domains against one another, yielding twisted-helical protofilaments and filaments [6, 7] . All three archaeal CetZ structures resolved to date possess only a single turn of H6, substantially shorter than in FtsZ and tubulin. Some TubZ proteins lack H6 altogether, with a similar structural volume to CetZs in this region. Another commonality among all TubZ and CetZ proteins is the elongated single α-helical C-terminal tail that proceeds along the axis of the protofilament and contacts the adjacent subunit, suggesting that these might have common functions (e.g. stabilising the protofilament). 
Figure legends

